Chronic inflammation serves an important role in lung carcinogenesis, thus genetic polymorphisms involved in this pathway may affect the risk of lung cancer. The present case-control study focused on the association between lung cancer risk and genetic polymorphisms involved in inflammatory pathways. The study comprised 462 lung cancer cases and 379 controls from Japan. The roles of interleukin 8 (IL8) rs4073, nuclear factor kappa B (NFκB) rs28362491, cytochrome b-245, alpha polypeptide (CYBA) rs4673, NAD(P) H dehydrogenase, quinone 1 (NQO1) rs1800566, nitric oxide synthase 2 and inducible (NOS2) rs2297518 polymorphisms in lung carcinogenesis were investigated. An unconditional logistic model was used to estimate the odds ratio (OR) and 95% confidence interval (CI) for the association between the genetic polymorphisms and lung cancer risk. The multiplicative and additive [relative excess risk due to interaction, attributable proportion due to interaction (AP) and synergy index (SI)] interactions with cigarette smoking were also determined. A significant association was revealed between the TT genotype of NQO1 rs1800566 and an increased risk of lung cancer (OR=1.78; 95% CI=1.14-2.79). The additive interaction evaluations between CYBA rs4673 (AP= 0.50, SI=2.66,) and smoking were also statistically significant. NQO1 rs1800566 was significantly associated with lung cancer risk and smoking may influence the association between CYBA rs4673 and the risk of lung cancer. Additional studies with larger control and case populations are warranted in order to confirm the CYBA rs4673-smoking association suggested by the present study.
Introduction
Lung cancer is the leading cause of cancer-associated mortality worldwide and a predominant inducing factor is exposure to cigarette smoke (1) . However, fewer than one in five smokers develop lung cancer in their lifetime, while some lifelong never-smokers develop the disease (2) . Therefore, inter-individual differences in susceptibility to tobacco smoke may affect lung cancer risk and some etiological factors other than tobacco smoke may contribute to disease development (3) .
Accumulating epidemiological evidence supports the hypothesis that chronic inflammation serves an important role in the development and progression of various types of cancer, including lung cancer (4, 5) . Continuous exposure to irritants, comprising cigarette smoke, induces chronic inflammatory reactions in lung tissue, DNA damage, cell proliferation and carcinogenesis (6) . Smoking also increases the expression level of inflammatory mediators including interleukin 8 (IL8), in small airway epithelial cells (7) . IL8 is a chemokine involved in acute and chronic inflammatory processes by activating and attracting neutrophils; thus, it may contribute to cancer development via inflammation (8) . The overexpression of IL8 has been observed in various types of cancer, including lung cancer (9) . IL8 has mitogenic, motogenic and angiogenic effects and, therefore, may also serve an important role in cancer progression (8) . IL8 may be activated by nuclear factor kappa B (NFκB), which is another crucial inflammatory mediator that activates various inflammatory cytokines (10) . NFκB subsequently induces chronic inflammation in lower airways and mediates carcinogenesis (11) . It has previously been revealed that NFκB is frequently expressed in lung cancer (12) .
Under inflammatory conditions, activated inflammatory cells serve as sources of free radicals, such as reactive oxygen species (ROS), and reactive nitrogen intermediates that induce oxidative DNA damage and genomic instability (10) . ROS may be produced by NADPH oxidase (NOX) enzymes; therefore, NOX-derived ROS are a causal factor in chronic inflammation and carcinogenesis (13) . Cytochrome b-245 alpha subunit (CYBA) is a subunit of the NOX family that is required for the normal functioning of NOX. CYBA is highly polymorphic and Biological interaction of cigarette smoking on the association between genetic polymorphisms involved in inflammation and the risk of lung cancer: A case-control study in Japan has been widely studied as a potential risk factor for various diseases, including malignancy (14) . Functional polymorphisms of CYBA may modify the risk of cancer development by ROS generation; however only a small number of studies have reported this association to date (15) . To the best of our knowledge, no previous studies have investigated the association between lung cancer risk and CYBA polymorphisms. Nitric oxide synthase 2 (NOS2) is induced by proinflammatory cytokines, and may modify carcinogenesis by its production of high levels of NO (16) . Although NO protects cells from cytotoxicity at low concentrations, it also induces DNA damage and modifies the structure and function of cancer-associated proteins at high concentrations (16) , thus it is considered to initiate and promote carcinogenesis. NAD(P)H dehydrogenase quinone 1 (NQO1) is a two-electron reductase that reduces quinones to hydroquinones in a single two-electron step (17) . Benzo(a)pyrene (BP) is one of the most important carcinogens, and the formation of BP quinone-DNA adducts is prevented by NQO1 (18) . By contrast, carcinogenic heterocyclic amines present in smoke are metabolically activated by NQO1 (19) . Therefore, this enzyme is considered to be involved in metabolic activation and the detoxification of carcinogens. It is also plausible that NQO1 is involved in susceptibility to tobacco-associated lung carcinogenesis (20) . Additionally, accumulating evidence demonstrates that NQO1 serves a role in inflammatory activities, including anti-inflammatory processes and the scavenging of superoxide anion radicals (21, 22) .
Genetic polymorphisms involved in inflammatory pathways may affect the risk of lung cancer (23, 24) ; therefore, in the present case-control study, the association between lung cancer risk and single nucleotide polymorphisms (SNPs) known to be associated with inflammation (IL8 rs4073, NFκB rs28362491, NOS2 rs2297518, CYBA rs4673 and NQO1 rs1800566) were investigated within a Japanese population. Additionally, as tobacco smoke contains various carcinogens and induces chronic inflammation, the interactions between smoking and the aforementioned genetic polymorphisms were investigated. A previous study demonstrated that the combined CT and CC genotypes of CRP rs2794520 were significantly associated with an increased risk of lung cancer [odds ratio (OR)=1.64; 95% confidence interval (CI)=1.19-2.26] (25). Furthermore, C-reactive protein (CRP) is a major indicator of inflammation, thus elevated CRP levels have been associated with an increased risk of lung cancer in a previous case-control study (26) . The present study also examined the modifying effect of CRP genotypes on the association of any of the remaining polymorphisms with lung cancer risk.
Materials and methods
Study subjects and data collection. A total of 462 patients with lung cancer were registered at Kyushu University Hospital (Research Institute for Diseases of the Chest, Kyushu University, Fukuoka, Japan) and its collaborating hospitals. The 462 eligible cases were patients with primary lung cancer that was recently diagnosed and histologically confirmed during the period November 1996-March 2008. The participation rate among the cases was 100%. Controls (n=379) were inpatients without a clinical history of any type of malignancy, ischemic heart disease or chronic respiratory disease during the same period. Controls were not matched to cases, either individually or in larger groups, and all controls agreed to participate in this study. All subjects were unrelated ethnic Japanese. A self-administered questionnaire was used to collect data on demographic and lifestyle factors, including age, level of education, smoking and alcohol consumption. The present study was approved by the Institutional Review Board of Kyushu University Hospital. Written informed consent was obtained from all patients prior to enrollment in the present study.
Genetic analyses. Genomic DNA was extracted from blood samples using the QIAmp DNA blood Maxi kit (Qiagen Inc., Valencia, CA, USA; #51192). Genotyping was performed blind to the case-control status using TaqMan ® SNP Genotyping Assays (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA) for the following SNPs (gene, SNP identifier, assay ID): IL8, rs4073, C_11748116_10; CYBA, rs4673, C_2038_20; NQO1, rs1800566, C_2091255_30; NOS2, rs2297518, C_11889257_10. Genotyping of the NFκB1-94 ATTG insertion/deletion polymorphism (rs28362491, II; insertion/insertion, ID; insertion/deletion, DD; deletion/deletion) was performed using the polymerase chain reaction restriction fragment-length polymorphism (PCR-RFLP) method previously described by Senol Tuncay et al (27) . Generally, the concordance rate between PCR-RFLP genotyping and reverse transcription-quantitative PCR assays is considered to be high (28) ; however, for quality control, the two assays were repeated on a random selection of 5% of all samples, resulting in 100% concordance for the replicates.
Statistical analysis. Differences (number, percentage) in selected variables, other than age or education, and genotypic frequencies between cases and controls were evaluated using the χ 2 test. The Hardy-Weinberg equilibrium (HWE) was determined among controls for each polymorphism using the Pearson's χ 2 test. Unconditional logistic regression was used to assess the association between genetic polymorphisms and lung cancer. ORs and the corresponding 95% CIs were calculated by adjusting certain potential covariates (age, gender, smoking status, alcohol consumption and education). Subjects were considered to be current smokers if they smoked or had stopped smoking <one year prior to the date of diagnosis (lung cancer patients) or the date of completion of the questionnaire (controls). Non-smokers were defined as those who had never smoked in their lifetime. Former smokers were those who had stopped smoking ≥one year prior to the date of diagnosis (lung cancer patients) or the date of completion of the questionnaires (controls). Ever-smokers included current and former smokers. Excessive alcohol drinkers were defined as those who drank >20 g/day alcohol, based on the Healthy Japan 21 guideline, which defines an appropriate volume of alcohol intake as 20 g/day (29).
To assess the associations between genetic polymorphisms and smoking, multiplicative and additive interactions were determined. Multiplicative interactions were statistically evaluated based on a likelihood ratio test, comparing the models with and without interaction terms. Three evaluations for additive interaction as a departure from additivity, namely the relative excess risk due to interaction (RERI), attributable proportion due to interaction (AP) and synergy index (SI), were calculated by the method previously described by Andersson et al (30) . RERI>0, AP>0 or SI>1 indicated a significant additive interaction. All statistical analyses were performed using STATA version 14 (STATA Corporation, College Station, TX, USA). The data were presented as median and interquartile range (25-75% percentile) for age (years) and education (years) as these variables were did not have a normal distribution and they were analyzed using the Wilcoxon rank sum test. All P-values were two-sided. P<0.05 was considered to indicate a statistically significant difference.
Results
Characteristics of study subjects. The distributions of selected characteristics among the study subjects are presented in Table I . The analysis included 462 patients with lung cancer (242 with adenocarcinoma, 131 with squamous cell carcinoma (SCC), 69 with small-cell lung carcinoma (SCLC) and 20 with large-cell lung carcinoma). Controls were not age-or gender-matched to cases; therefore, there were significant differences in age (P<0.001) and the gender ratio (P<0.001), between cases and controls. The numbers of ever-smokers and excessive drinkers were significantly higher in patients with lung cancer compared with control subjects, and patients with lung cancer were less likely to be educated compared with control subjects (P<0.001).
Association between genetic polymorphisms associated with inflammation and lung cancer risk. Genotypic frequencies of IL8 rs4073, NOS2 rs2297518, NFκB rs28362491, CYBA rs4673 and NQO1 rs1800566 were consistent with HWE, among the controls. The frequencies and distribution of the genotypes and the ORs for lung cancer risk are presented in Table II . Minor allele frequencies (MAFs) of IL8 rs4073, NFκB rs28362491, NOS rs2297518, CYBA rs4673 and NQO1 rs1800566 were 32, 38, 7, 7 and 42%, respectively. Following adjustment for age, gender, education, smoking status and alcohol consumption, the TT genotype of NQO1 rs1800566 was significantly associated with lung cancer risk (OR=1.78; 95% CI=1.14-2.79). Carriers of the rs1800566 T allele had a 42% increased risk of lung cancer (OR=1.42, 95%; CI=1.01-2.01). The remaining four polymorphisms were not associated with lung cancer risk.
Interaction between inflammation-associated polymorphisms and cigarette smoking in association with lung cancer risk.
Following adjustment for age, gender, education and alcohol consumption, ever-smokers were identified to be at a higher risk of lung cancer compared with never-smokers (OR=3.17; 95% CI=2.28-4.39; data not presented). The allele that is presumed to increase the risk of lung cancer was described as the 'at-risk̓ allele. In order to achieve adequate statistical power, subjects with ≥1 'at-risk' allele were grouped together (a group termed the 'at-risk̓ genotype), for subsequent analysis. Ever-smokers with the 'at-risk' genotype demonstrated a higher risk of lung cancer compared with those with the non-risk genotype, relative to never-smokers with the non-risk genotype, for each of the five polymorphisms (Table III) .
Following adjustment for age, gender, education and alcohol consumption, the multiplicative interactions between any of the five polymorphisms and smoking on lung cancer risk were not significant. Three additive interaction evaluations were also determined. The adjusted AP due to interaction between CYBA rs4673 and smoking was estimated to be ~0.50 (95% CI= 0.15-0.85; P interaction = 0.005), indicating that 50% of the excess risk for lung cancer in smokers with the CT and TT genotypes combined was due to additive interaction. Similarly, SI was 2.66 (95% CI=1.01-6.99; P interaction = 0.047), suggesting that the risk of lung cancer in subjects who had at least one C allele for CYBA rs4673 and were ever-smokers, was 2.66 times greater compared with the sum of the risk in subjects exposed to a single risk factor. No additive interactions were observed between any of the remaining four polymorphisms and smoking.
Interaction between inflammation-associated polymorphisms and the previously reported CRP rs2794520, in association with the risk of lung cancer. A previous study demonstrated that patients with ≥1 C allele of CRP rs2794520 were significantly associated with an increased risk of lung cancer (OR=1.64; 95% CI=1.19-2.26) (25) . Regarding the five polymorphisms in the present study, subjects with ≥1 T allele of CRP rs2794520 and the 'at-risk' genotype had a higher risk of lung cancer than those with the non-risk genotype, relative to subjects with the CC genotype of CRP rs2794520 and the non-risk genotype (Table IV) . Following adjustment for age, gender, education, smoking history and alcohol consumption, NOX rs4673 was identified to be the only polymorphism that demonstrated an additive interaction with CRP rs2794520 in association with lung cancer risk (AP=0.50; 95% CI=0.10-0.89; P interaction = 0.048). The remaining multiplicative and additive interaction evaluations were not statistically significant.
Discussion
Accumulating evidence has demonstrated that chronic inflammation is a crucial contributing factor of cancer development at various sites (6) . A number of previous epidemiological studies have also revealed that pulmonary inflammation induced by tobacco exposure, idiopathic pulmonary fibrosis, emphysema or asbestosis is associated with an increased risk of lung cancer (5, 24) . Previous studies investigating cancer risk and genetic polymorphisms have revealed conflicting results in regard to the associations between inflammatory polymorphisms [for example, in genes encoding tumor necrosis factor α (TNFα), IL family proteins and CRP] and lung cancer risk (25, 26, 31) .
In the present study, the genotypes IL8 rs4073, NFκB rs28362491, NOS2 rs2297518, CYBA rs4673 and NQO1 rs1800566 were determined in 462 cases of lung cancer and 379 controls. The MAFs of these polymorphisms among the controls were 0.32, 0.38, 0.07, 0.07 and 0.42, respectively (Table II) . This is compared with MAFs among the Japanese population of 0.27, 0.37, 0.08, 0.07 and 0.40, respectively, derived from the dbSNP website (http://www.ncbi.nlm.nih. gov/SNP/). The MAF of rs4073 in the present study was higher than that of dbSNP; however, it was comparable with previous studies of Japanese populations (0.30, 0.32 and 0.33) (32-34) .
The genotype distributions of all polymorphisms examined in this study were consistent with HWE, among the controls.
The present study also identified that the TT genotype of NQO1 rs1800566 was significantly associated with lung cancer risk (OR=1.78; 95% CI=1.14-2.79), whereas no significant associations were observed for the other four polymorphisms. Similarly, the NQO1 rs1800566 CT and TT genotypes combined were significantly associated with an increased risk of lung cancer (OR=1.42; 95% CI=1.01-2.01). However, it is biologically plausible that the NQO1 polymorphisms affect lung cancer risk (20) , as NQO1 has anti-carcinogenic activities, even though an association between NQO1 rs1800566 and lung cancer risk has not yet been confirmed. Notably, a recent meta-analysis study identified no significant association with lung cancer overall (35) ; however, stratified analysis by histology revealed that the TT and CT genotypes combined were marginally associated with an increased risk of SCC (OR for the TT and CT genotypes combined vs. the CC genotype=1.20; 95% CI=1.00-1.43; P=0.05). In the present study, stratified analysis by histological group indicated a significant association between SCC and the TT genotype of rs1800566 (OR=2.02; 95% CI=1.03-3.96; P=0.04; data not presented), whereas no significant association was identified in other histological groups.
The rs1800566 polymorphism (C609T, Pro187Ser) is associated with the enzymatic activity of NQO1 and has three genotypes, CC (normal enzyme activity), CT (mild activity) and TT (2-4% of normal activity) (36) . Smokers with the T allele may, therefore, be more sensitive to the effects of tobacco carcinogens such as quinones and benzene, and thus more susceptible to tobacco-associated lung cancer. The association between tobacco smoking and lung cancer has previously been revealed to be stronger for SCC and SCLC compared with adenocarcinoma (37) , and may induce the association between rs1800566 and SCC. In the present study, no significant association between rs1800566 and lung cancer was demonstrated in the subgroup with SCLC; however, precise evaluation is difficult to obtain due to the small number of patients with SCLC.
In addition to the metabolism of carcinogens, accumulating evidence suggests that NQO1 may lead to lung cancer development by inflammation (20) . A previous study demonstrated that inflammatory cytokines, including IL1β and TNFα, suppress NQO1 activity (38) . Thus, under chronic inflammation, NQO1 activity may be impaired, resulting in an increased susceptibility to carcinogenesis. Additionally, NQO1 is required for stabilization of p53 (39) . Under inflammatory conditions, p53 serves a crucial role in anti-carcinogenesis by mediating cell fate decisions in response to oxidative stress, including DNA damage (40) . NQO1 187Ser has a short half-life compared with NQO1 187Pro (41); therefore, p53 may be unstable in the presence of NQO1 187Ser. Loss of NQO1 function is associated with increased pulmonary oxidative stress (22) , thus it is plausible that individuals carrying the T allele of NQO1 rs1800566 may be more susceptible to inflammation-associated lung carcinogenesis.
The present study revealed no significant associations between lung cancer risk and the remaining four polymorphisms (IL8 rs4073, NFκB rs28362491, NOS2 rs2297518 and CYBA rs4673), although these genes are involved in inflammatory pathways (5, 16, 42) . Few previous studies have investigated these polymorphisms. To the best of our knowledge, currently only one previous study has demonstrated the null association between IL8 rs4073 and lung cancer risk in Central and Eastern European populations (43) . A significant association between lung cancer risk and NFκB rs28362491 was revealed in Chinese (OR for the II+ID genotypes combined vs. the DD genotype=2.01; 95% CI=1.47-2.76) (44) and Turkish (OR for the DD genotype vs. the II genotype=3.50; 95% CI=1.24-9.87) (45) populations, although there were conflicting results. The present study did not reproduce this significant association. To the best of our knowledge, the present study is the first case-control study on the association between NOS2 rs2297518 and CYBA rs4673 polymorphisms and lung cancer susceptibility.
The present study also demonstrated a significant additive association between CYBA rs4673 and smoking on lung cancer risk (AP= 0.50; 95% CI= 0.15-0.85; SI=2.66; 95% CI=1.01-6.99), although no significant association was identified between rs4673 alone and the risk of disease. The present study also revealed that smoking may modify the association between CYBA rs4673 and lung cancer risk. The estimated value of the adjusted AP was ~0.50, indicating that 50% of the excess risk for lung cancer in ever-smokers with the rs4673 genotype was due to an additive association. The estimated adjusted SI value was 2.66, indicating that the risk of lung cancer in smokers with ≥1 C allele was 2.66 times greater than the sum of the risks in subjects exposed to a single risk factor alone. Previous studies demonstrated that the main source of cigarette smoke-induced ROS is NOX (46, 47) . NOX and its subunit p22phox, encoded by CYBA, serves an important role in tobacco-associated oxidative stress conditions, in which carcinogenesis is promoted (15) . Therefore, it has been hypothesized that the association between CYBA rs4673 and lung cancer risk becomes clearer when modified by cigarette smoking.
A previous study demonstrated that CRP rs2794520 was significantly associated with an increased lung cancer risk (OR for the CT and CC genotypes combined vs. the TT genotype =1.64; 95% CI=1.19-2.26) (25) . In a previous meta-analysis, elevated levels of circulating CRP were associated with an increased risk of lung cancer (48) . This suggests that the CRP level may be a potential marker of increased cancer risk. CRP reduction is associated with the minor allele (T) of rs2794520 (49); therefore, the C allele of rs2794520 may be associated with an increased risk of lung cancer. From this perspective, the interaction between CRP rs2794520, and other genetic polymorphisms, on the association of lung cancer risk were investigated; a significant additive interaction between CRP rs2794520 and CYBA rs4673 (AP=0.50; 95% CI= 0.10-0.89; P interaction = 0.048) was identified. However, this must be interpreted with caution due to the limited number of cases and controls in the present study.
The present study has several limitations. Due to the small sample size, chance may not be excluded as an explanation for the significant associations observed. Case-control studies tend to be susceptible to selection bias, particularly in the Table II . Association between inflammation-associated polymorphisms and risk of lung cancer. Table III . Interaction between inflammation-associated polymorphisms and cigarette smoking. Table IV . Interaction between inflammation-associated polymorphisms and CRP rs2794520. control group. Controls may, therefore, represent the source population from which the cases were drawn. However, when using hospital-based patients (hospital controls), it may not be possible to define the population from which the cases are drawn. If the study population may be defined as potential hospital users, hospital controls may be more appropriate (50) . Generally, the reported rates of participation are slightly higher in hospital-based, compared with population-based, case-control studies and a high participation rate may reduce the possibility of selection bias (51) . In the present study, participation rates of cases and controls were high. However, due to the possibility of selection bias the results must be interpreted with caution in case-control studies. The current study's sample size may prevent any conclusive inference, thus replication of the findings in studies with larger sample sizes is important prior to any causal inference being drawn.
In conclusion, the TT genotype of NQO1 rs1800566 was significantly associated with an increased risk of lung cancer, and a significant additive interaction between CYBA rs4673 and smoking was revealed. Findings from polymorphism-environment or polymorphism-polymorphism association analyses must be interpreted with caution due to reduced numbers of observations in the subgroups. Therefore, the replication of these analyses in various populations is an important prospective step. Future studies involving larger control and case populations are warranted in order to corroborate the association among the Japanese cases presented in the current study.
